Abstract Binge drinking during adolescence is a risk factor for neuropsychiatric disorders that can develop later in life. Histone acetylation is an important epigenetic mechanism that contributes to neurodevelopment. We investigated the effects of adolescent intermittent ethanol (AIE) exposure, as opposed to normal saline (AIS) exposure, on histone acetylation-mediated regulation of brainderived neurotrophic factor (BDNF) expression and developmental stages of neurogenesis (proliferating and immature neurons) in the hippocampus in adulthood. AIE exposure increased whole hippocampal histone deacetylase (HDAC) activity and decreased binding protein of cyclic adenosine monophosphate response element binding protein (CBP) and histone H3-K9 acetylation levels in the CA1, CA2, and CA3 regions of the hippocampus. BDNF protein and exon IV mRNA levels in the CA1 and CA3 regions of the hippocampus of AIE-exposed adult rats were decreased as compared to AIS-exposed adult rats. AIEinduced anxiety-like behaviors and deficits in histone H3 acetylation at BDNF exon IV promoter in the hippocampus during adulthood, which were reversed by treatment with the HDAC inhibitor, trichostatin A (TSA). Similarly, neurogenesis was inhibited by AIE in adulthood as demonstrated by the decrease in Ki-67 and doublecortin (DCX)-positive cells in the dentate gyrus, which was normalized by TSA treatment. These results indicate that AIE exposure increases HDACs and decreases CBP levels that may be associated with a decrease in histone H3 acetylation in the hippocampus. These epigenetic changes potentially decrease BDNF expression and inhibit neurogenesis in the hippocampus that may be involved in AIE-induced behavioral abnormalities, including anxiety, in adulthood.
Introduction
Adolescent binge drinking is a major health concern that may interfere with emotional and neurocognitive development resulting in neuropsychological disorders later in life (DeWit et al. 2000; Medina et al. 2007; Keshvan et al. 2014) . Clinical as well as preclinical studies have reported the deleterious consequences of adolescent ethanol exposure on hippocampal development and function during adulthood (Nagel et al. 2005; Medina et al. 2007; Ehlers et al. 2013; Vetreno and Crews 2015) . The hippocampus is part of the emotional and cognitive brain circuitry that regulates affective states (McNaughton and Gray 2000; Packard 2009 ). The dentate gyrus (DG) of the hippocampus exhibits regular neurogenic activity throughout adulthood as new neurons develop from neuronal progenitor cells (NPCs) in the subgranular zone (SGZ), a neurogenic region between the granule cell layer (GCL) and the hilus (Zhao et al. 2008; Gu et al.2013) . Neurogenic activity in the hippocampus is altered by environmental experiences or exposure to commonly abused drugs, including alcohol, and altered neurogenesis has also been implicated in psychiatric disorders (Crews et al. 2004 (Crews et al. , 2006 Ieraci and Herrera 2007; Revest et al. 2009; Chambers 2013; Ehlers et al. 2013; Gu et al. 2013) .
The dynamic regulation of histone acetylation by the interaction of histone deacetylases (HDACs) and histone acetyltransferases (HATs), binding protein of cyclic adenosine monophosphate response element binding (CREB) protein (CBP) and p300, represents important epigenetic processes that are involved in brain development and functions throughout life (Kalkhoven 2004; Lilja et al. 2013; Valor et al. 2013; Sheikh 2014; Swaminathan et al. 2014) . Histone H3 acetylation of specific lysine residues within given gene promoters regulates transcription and contributes to alcohol-induced changes in the expression of synaptic plasticity associated genes and results in psychopathology, such as anxiety and alcohol use (Pascual et al. 2012; Moonat et al. 2013; Sakharkar et al. 2014a; Krishnan et al. 2014) . Using various adult animal models, we have previously shown that alcohol exposure alters the expression of brain-derived neurotrophic factor (BDNF) and neuropeptide Y (NPY), which are regulated by histone H3-K9 acetylation via HDAC and CBP in the amygdala (Pandey et al. 2008; Sakharkar et al. 2012 Sakharkar et al. , 2014a Moonat et al. 2013) . Chronic ethanol treatment of adult rats also impacts BDNF expression in the hippocampus (TapiaArancibia et al. 2001; Hauser et al. 2011) . Binge-like alcohol exposure during adolescence has been shown to decrease BDNF expression and neurogenesis in the hippocampus of adolescent rats (Briones and Woods 2013) . BDNF in the hippocampus is also believed to regulate synaptic plasticity and neurogenesis, and these biological processes have been implicated in neuropsychiatric disorders (Duman 2004; Duman and Monteggia 2006; Taliaz et al. 2010; Andero et al. 2014; Schoenfeld and Cameron 2015) .
Histone acetylation also regulates adult neurogenesis in preclinical models (Leone et al. 2014; Swaminathan et al. 2014; Yoo et al. 2015) . Recently, we observed the ability of HDAC inhibitors, such as trichostatin A (TSA), to reverse adolescent intermittent ethanol (AIE) exposure-induced anxiety-like and alcohol drinking behaviors, as well as reverse the deficits in histone H3-K9&14 acetylation of the BDNF gene in the amygdala during adulthood (Pandey et al. 2015) . However, the role of HDAC and CBP-induced histone H3 acetylation in driving long-term effects of AIE on hippocampal BDNF expression and neurogenesis in adulthood remains unexplored. Therefore, we examined the effects of AIE on HDAC activity, CBP expression, histone H3 acetylation and related BDNF expression, and developmental stages of neurogenesis (proliferating and immature neurons) in the adult hippocampus. In addition, we further examined the effects of HDAC inhibitors on anxiety-like behaviors and neurogenesis and histone H3 acetylation of the BDNF gene in the hippocampus following AIE in adulthood.
Materials and methods

Animals and adolescent intermittent ethanol (AIE) exposure
Timed-pregnant Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN, USA) were maintained in a 12:12 h light/dark cycle with food and water ad libitum. Male pups were weaned at post-natal day (PND) 21 and were group housed in the same animal facility with ad libitum access to food and water. Adolescent male rats were intraperitoneally (IP) injected with eight doses of ethanol (2.0 g/kg, 20 % w/v) or equivalent volume of normal saline during PND 28-41 on an alternating two-day on/two-day off basis (injections on PND 28, 29, 32, 33, 36, 37, 40, 41) as reported previously by our (Pandey et al. 2015) and other laboratories (Pascual et al. 2009; Alaux-Cantin et al. 2013) . Adolescent intermittent ethanol (AIE) or saline (AIS) exposed rats were group housed and allowed to grow until adulthood (PND 92) without any intervention. When the animals reached adulthood, they were anesthetized with pentobarbital (50 mg/kg) and either decapitated or perfused with normal saline and 4 % paraformaldehyde (Moonat et al. 2011; Sakharkar et al. 2012) for biochemical or histochemical analyses, respectively. All the animal experiments followed the NIH guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee.
Trichostatin A treatment of AIE-and AIS-exposed adult rats A subset of AIE-and AIS-exposed adult rats (PND 92) was treated with TSA (AIE ? TSA and AIS ? TSA groups) or vehicle (AIE ? Vehicle and AIS ? Vehicle groups) for three consecutive days (PND 92, 93, 94) and was subjected to measurement of anxiety-like behavior using the light/-dark box (LDB) exploration test. TSA was dissolved in DMSO to a 5.0 mg/ml concentration and further diluted (1:5) in phosphate-buffered saline (PBS) to achieve the final concentration of 1.0 mg/ml (Sakharkar et al. 2012; Pandey et al. 2008 Pandey et al. , 2015 . TSA (2.0 mg/kg) or vehicle [DMSO diluted in PBS (1:5)] was injected (IP) daily for three consecutive days (each injection being 24 h apart) and rats were subjected to LDB exploration testing 2 h after the last TSA or vehicle injections. Immediately after the behavioral measurements, rats were perfused as described above to collect the brains for neurogenesis studies. Another batch of rats was used for the chromatin immunoprecipitation (ChIP) assay (described below).
Light/dark box exploration test
Anxiety-like behaviors were measured using the LDB exploration test, as previously described (Pandey et al. 2008 (Pandey et al. , 2015 Sakharkar et al. 2014a, b) . In brief, each rat was acclimated to the procedure room for 5 min and then placed in the dark compartment of the LDB apparatus. The activity of the rat in the light and dark compartment of the apparatus was monitored by a computer program during the 5 min test session in terms of time and ambulation in each compartment equipped with infrared beams. Ambulation of each rat was measured by number of times the infrared light beam was crossed. The results of anxiety behaviors and general activity of rats were calculated in terms of mean (±SEM) percent time spent in each compartment and mean (±SEM) total ambulation, respectively.
Doublecortin and Ki-67 immunohistochemistry and image analysis
Immunohistochemical analysis was performed for the measurement of doublecortin (DCX) and Ki-67 positive cells in the hippocampal regions of TSA or vehicle-treated AIS and AIE adult rats as reported earlier (Crews et al. 2006; Ehlers et al. 2013; Broadwater et al. 2014; Vetreno and Crews 2015) . Free-floating sections were washed in phosphate-buffered saline (PBS; 0.1 M), incubated in 0.3 % hydrogen peroxide, and blocked with normal goat or rabbit serum (MP Biomedicals, Solon, OH). Sections were incubated in goat anti-DCX [1:200 dilution (Santa Cruz Biotechnology, Dallas, TX)] or rabbit anti-Ki-67 antibodies (Abcam, Cambridge, MA) for 24 h at 4°C. Sections were then washed with PBS, incubated for 1 h in biotinylated anti-goat or anti-rabbit secondary antibodies (Vector Laboratories, Burlingame, CA), and incubated for 1 h in avidin-biotin complex solution (Vectastain ABC Kit, Vector Laboratories). The chromogen, nickel-enhanced diaminobenzidine (Sigma-Aldrich, St. Louis, MO), was used to visualize immunoreactivity. Tissue was mounted onto slides, dehydrated, and cover slipped. Negative control for non-specific binding was conducted on separate sections using above procedures without primary antibody.
BioQuant Nova Advanced Image Analysis (R and M Biometric, Nashville, TN) was used for image capture and quantification. Representative images were captured using an Olympus BX50 microscope and Sony DXC-390 video camera linked to a computer. The dentate gyrus (DG) (Bregma -2.12 to -3.80 mm) in each hemisphere was circumscribed in each section for quantification of DCX and Ki-67 immunoreactivity. Since DCX is densely distributed throughout the granule cell layer (GCL) of the hippocampal DG, pixel density was used to assess DCX immunoreactivity in cells and processes as reported earlier by us (Vetreno and Crews 2015) . The outlined region of interest (mm 2 ) was determined, and staining density was calculated by dividing the overall pixel count by the overall area. Ki-67 is heterogeneously distributed throughout the subgranular zone (SGZ) of the hippocampal DG. Therefore, a modified stereological profile cell counting method was used to assess Ki-67 immunoreactive cells (Crews et al. 2004 ). The cell counts were calculated by dividing the overall cell count by the overall area. The regions of interest volumes across treatment groups were assessed and were not found to differ significantly between groups. The microscope, camera, and software were background corrected and normalized to preset light levels to ensure the fidelity of data acquisition.
Gold immunolabeling and counting of immunogold particles
The gold-immunolabeling procedure was employed for the measurement of acetylated histone H3-K9 (H3-K9Ac), CBP, and BDNF protein levels in the hippocampus of the rat brain as described previously (Sakharkar et al. 2014a; Moonat et al. 2013; Pandey et al. 2008 Pandey et al. , 2015 . Free floating, 20 lm thick coronal sections at the level of the hippocampus were immunostained using antibodies against BDNF (Santa Cruz Biotechnology, Santa Cruz, CA), CBP (Santa Cruz Biotechnology, Santa Cruz, CA), and acetylated histone H3-K9 (Millipore, Billerica, MA). After washing with PBS, the sections were incubated in gold particle-labeled goat anti-rabbit secondary antibodies (Nanoprobes, Yaphank, NY) and were counter-stained using the silver enhancement kit (Ted Pella, Redding, CA). Immunogold particles were counted using an image analysis program on a computer-assisted light microscope after adjusting the threshold to zero in a non-immunostained area in the hippocampal regions. The numbers of immunogold particles/100 lm 2 area from each of three brain sections of each rat (total nine object fields for each brain area) were measured and the values were averaged for each rat. Results are presented as mean (±SEMs) of the number of immunogold particles per 100 lm 2 area of CA1, CA2, CA3, and DG.
In situ reverse transcription (RT)-PCR
In situ RT-PCR was performed in 40 lm thick coronal brain sections, as described previously (Moonat et al. 2011 , Brain Struct Funct (2016 2013; Pandey et al. 2015) , for the mRNA measurements of BDNF exon I and IV using the primers (BDNF exon I: Forward-5 0 -AGGACAGCAAAGCCACAATGTTCC-3 0 and Reverse-5 0 -TGGACGTTTGCTTCTTTCATGGGC-3 0 ; and BDNF exon IV: Forward-5 0 -TCTCACTGAAGGCGTGCG AGTATT-3 0 and Reverse-5 0 -TGGTGGCCGATATGTACT CCTGTT-3 0 ) and digoxigenin (DIG)-11-dUTP (Roche Diagnostics, Indianapolis, IN) instead of dTTP. Following PCR, sections were processed for immunostaining with alkaline phosphatase-conjugated anti-DIG antibody (Roche Diagnostics), and followed by staining with nitro blue tetrazolium chloride/5-bromo-4-chloro-3-indolylphosphate (NBT/BCIP; Roche Diagnostics). The optical density (OD) of the NBT/BCIP-positive cell bodies from three object fields within hippocampal brain regions from three different coronal sections was measured. All values from three sections were averaged for each rat. The mRNA levels are presented as mean (±SEM) OD/100 pixels of CA1, CA2, CA3, and DG hippocampal area.
Hippocampal HDAC activity in AIE-and AISexposed adult rats
The whole hippocampal HDAC activity of AIS-and AIEexposed adult rats was measured as previously described (Pandey et al. 2008 (Pandey et al. , 2015 Sakharkar et al. 2012 Sakharkar et al. , 2014b . Cytosolic and nuclear fractions were prepared from the hippocampal tissues using a CelLytic TM NuCLEAR TM extraction Kit (Sigma, St. Louis, MO). HDAC activity assay was performed according to the manufacturer's instructions using the colorimetric HDAC activity assay kit (BioVision Research, Mountain View, CA). The OD of the colorimetric reaction was analyzed at 405 nm using an ELISA plate reader (Spectra MR; DynexTechnologies, Chantilly, VA) and was calculated as OD/mg of protein.
The results were presented as % of control.
Chromatin immunoprecipitation (ChIP) using histone H3 acetylated antibody
ChIP assay was performed to examine the level of histone H3-K9&14 acetylation (H3-K9&14Ac) of BDNF exon I and IV in the whole hippocampus of vehicle or TSAtreated AIS-and AIE-exposed adult rats (Moonat et al. 2013; Sakharkar et al. 2014a; Pandey et al. 2015) . Hippocampal tissues were homogenized in PBS, fixed in formaldehyde for 15 min at 37°C and the fixation reaction was stopped by glycine. The tissue homogenate was resuspended in SDS-lysis buffer for 30 min on a rotating shaker at 4°C and sonicated to shear the chromatin to yield 200-500 base-pair long DNA fragments. Equal volumes of chromatin from each sample were used for ChIP using the antibodies against H3-K9&14Ac (Millipore) after removing a portion of the sample for inputs. For immunoprecipitation, chromatin was incubated overnight at 4°C along with H3-K9&14Ac antibodies and protein agarose beads (Santa Cruz Biotechnology). Following immunoprecipitation, chromatin was serially washed with low salt, high salt, lithium chloride, and TE buffers and was eluted using sodium bicarbonate elution buffer. Immunoprecipitated and input chromatin were reverse cross-linked by heating at 67°C for 2 h and proteinase K digestion at 37°C for 2 h followed by DNA cleaning using the phenol-chloroform method. The qRT-PCR was performed using the SYBR Green PCR Master Mix (Thermo Scientific, Pittsburgh, PA) using primers for promoter regions of BDNF exons I and IV (BDNF exon I: forward 5 0 -GCGCCCAAAGCCCACCTTCT-3 0 , reverse 5 0 -GCGTCGGCTCCGTGCTTCTT-3 0 and BDNF exon IV: forward 5 0 -GTTCGCTAGGACTGGAAGTGG-3 0 , reverse 5 0 -CCTCTGCCTCGAAATAGACAC-3 0 ). Fold changes in histone H3-K9&14Ac levels at BDNF exons I and IV promoters were calculated after normalizing them to input using the 2 -DDCT method (Schmittgen and Livak 2008; Moonat et al. 2013; Pandey et al. 2015) . Results are represented as mean fold changes (±SEM) with respect to the control group (AIS-exposed adult ? Vehicle group).
Statistical analysis
The significance of differences between two groups was analyzed using the Student's t test, whereas analysis involving more than two groups was performed using the two-way analysis of variance (ANOVA). Post hoc analysis for all ANOVA comparisons was performed using the Tukey's test and p \ 0.05 was considered to be significant.
Results
AIE exposure causes anxiety-like behaviors in adulthood: reversal by TSA
We first repeated our previous behavioral findings on anxiety measures (Pandey et al. 2015) using the LDB exploration test 53 days after the last AIE at PND 94. AIE ? Vehicle group of rats spent significantly (p \ 0.001) more time in the dark compartment and less time in the light compartment as compared to AIS ? Vehicle group of rats (Fig. 1) , which is consistent with increased anxiety-like behaviors. TSA treatment attenuated the AIE-induced preference for the dark compartment. This is consistent with reduced anxiety-like behaviors, as suggested by the significant (p \ 0.001) increase in time spent in the light compartment in TSA-treated AIE adult rats, when compared to vehicle-treated AIE adult rats (Fig. 1) .
TSA treatment did not affect the anxiety measures of the AIS adult rats. In addition, no significant differences were observed in total ambulation among the various groups suggesting that neither AIE exposure nor TSA treatment affected general activity of rats in adulthood (Fig. 1 ). There were no significant differences in body weight (g) of rats (n = 10, mean ± SEM) among the groups (AIS ? Vehicle, 361 ± 5.4; AIE ? Vehicle, 351 ± 5.8; AIS ? TSA, 362 ± 4.8; AIE ? TSA, 347 ± 8.2). These results replicate our previous findings (Pandey et al. 2015 ) that longlasting anxiety-like behaviors following AIE exposure in adulthood are reversible by TSA treatment.
AIE exposure inhibits adult hippocampal neurogenesis: reversal by TSA We extended the above behavioral findings to better understand the molecular basis of AIE-induced changes in hippocampal neurogenesis. A number of studies have found a persistent decrease in hippocampal neurogenesis during adulthood following AIE exposure (Ehlers et al. 2013; Broadwater et al. 2014; Vetreno and Crews 2015) . However, the mechanism underlying this reduction remains to be elucidated. In the present study, we administered the HDAC inhibitor, TSA, in adulthood and assessed neurogenesis by measuring DCX immunostaining, a neuroprogenitor microtubule-associated protein expressed in immature neurons (Brown et al. 2003) , and Ki-67 immunostaining, an endogenous nuclear protein expressed by dividing cells (Scholzen and Gerdes 2000) . We observed that DCX immunostaining was significantly reduced (p \ 0.05) in AIE-exposed adult rats compared to AIS-exposed adult rats, which is consistent with AIE causing a long-lasting decrease of neurogenesis (Fig. 2a, b) . Similarly, Ki-67 immunopositive cells were significantly decreased (p \ 0.01) in the sub granular zone of the DG of AIE-exposed adult rats (Fig. 2c,   d ). These reductions are consistent with AIE causing a persistent reduction in NPC proliferation that contributes to the reduced neurogenesis in adulthood. Although we did not assess NPC death in this study due to tissue limits, several previous studies have found AIE reduced neurogenesis is also associated with increased markers of NPC cell death that likely also contribute to the decrease in neurogenesis (Crews et al. 2006; Ehlers et al. 2013; Broadwater et al. 2014; Vetreno and Crews 2015) . DCX immunostaining was significantly increased (p \ 0.01) in AIE ? TSA-treated rats relative to the AIE ? Vehicle group (Fig. 2a, b) . TSA treatment in adulthood of AIE (AIE ? TSA group) did not show significant differences in Ki-67 immunopositive cells as compared with AIS-exposed adult rats treated with vehicle (AIS ? Vehicle) (Fig. 2c, d ). These findings are consistent with AIE producing long-lasting changes in hippocampal neurogenesis that are normalized in adulthood by TSA treatment. These data suggest that reduction in neurogenesis markers (deficits in proliferating and immature neurons) produced by AIE is likely related to deficits in histone acetylation in the hippocampus.
AIE exposure decreases BDNF expression in the hippocampus during adulthood
Previous studies have found that BDNF facilitates hippocampal neurogenesis and chronic ethanol treatment reduces BDNF expression during adolescence (Briones and Woods 2013) . To determine if AIE exposure resulted in long-lasting changes in the hippocampal BDNF expression, we measured mRNA encoded by BDNF exons I and IV and BDNF protein levels in different hippocampal regions (e.g., CA1, CA2, CA3, and DG) of AIS-and AIE-exposed adult (PND 92) rats. Whereas BDNF exon I mRNA levels were not altered in any regions of the hippocampus by AIE exposure (Fig. 3a, b) , BDNF exon IV mRNA levels were significantly (p \ 0.001) decreased in CA1 and CA3 regions of the hippocampus of AIE adult rats, as compared to AIS adult rats (Fig. 3c, d ). In line with this, we also observed a significant (p \ 0.001) decrease in BDNF protein levels in the CA1 and CA3 regions of AIE-exposed rats, as compared to AIS-exposed rats (Fig. 3e, f) . These data suggest that AIE exposure leads to a decrease in BDNF protein and BDNF exon IV, but not exon I mRNA levels in the CA1 and CA3 regions of the hippocampus in adulthood (Fig. 3) .
AIE exposure increases HDAC activity and decreases CBP levels in the hippocampus during adulthood
In previous studies, HDACs have been linked to regulation of BDNF expression in the amygdala (Moonat et al. 2013; Pandey et al. 2015) . To determine if AIE also altered HDAC activity in the hippocampus, we measured the HDAC activity in nuclear and cytosolic fractions isolated from the whole hippocampus of AIS and AIE adult rats (Fig. 4a) . AIE significantly increased nuclear HDAC activity (p \ 0.01) without affecting cytosolic HDAC activity in the hippocampus as compared to AIS rats in adulthood. AIE exposure significantly (p \ 0.001) decreased CBP protein levels in the CA1, CA2, and CA3 regions, but not in the DG (Fig. 4b, c) . These data reveal that AIE treatment leads to an increase in nuclear HDAC activity as well as a decrease in CBP expression in the adult hippocampus.
AIE exposure decreases histone H3 acetylation in the hippocampus: reversal by TSA
To determine if AIE alters hippocampal histone acetylation, we used gold immunolabeling to examine the global or vehicle-treated adolescent intermittent ethanol (AIE)-and normal saline (AIS)-exposed adult rats. Scale bar DCX immunostaining lowmagnification image, 500 lm and high magnification image, 10 lm; Ki-67 immunostaining low-magnification image, 100 lm and high magnification image, 10 lm. Values are represented as the mean (±SEM) of the pixels/mm 2 area for DCX immunostaining (n = 10 rats in each group) and the mean (±SEM) of the cells/mm 2 area for Ki-67 immunostaining (n = 10 rats in each group except in AIE ? TSA group where n = 9). *Significantly different from respective control groups [p \ 0.05-0.01, two-way ANOVA (AIE effect, F 1, 36 = 4.8, p \ 0.05; TSA effect, F 1, 36 = 11.1, p \ 0.01; AIE 9 TSA interaction, F 1, 36 = 1.1, p = 0.306) followed by Tukey's test for DCX immunostaining and p \ 0.01, two-way ANOVA (AIE effect, F 1, 35 = 4.1, p \ 0.05; TSA effect, F 1, 35 = 0.304, p = 0.59; AIE 9 TSA interaction, F 1, 35 = 5.0, p \ 0.05) followed by Tukey's test for acetylated H3-K9 protein levels in CA1, CA2, CA3, and DG regions of the hippocampus of AIS-and AIE-exposed adult rats (Fig. 4d, e) . AIE exposure significantly (p \ 0.001) decreased the H3-K9Ac protein levels in the CA1, CA2, and CA3 regions, but not in the DG (Fig. 4d,  e) . We further examined gene-specific histone acetylation (H3-K9&14) in the hippocampus of AIS-and AIE-exposed adult rats using ChIP assay (Fig. 5) . The levels of H3-K9&14Ac were not significantly altered at the BDNF exon I promoter in the hippocampus of AIE adult rats, as compared to AIS adult rats. However, AIE caused a marked reduction in H3-K9&14Ac levels (p \ 0.01) in the BDNF exon IV promoter in the hippocampus (Fig. 5) . It should be noted (as described above) that, AIE exposure did not alter BDNF exon I mRNA levels in the hippocampus (Fig. 3a,  b) , but it did decrease BDNF exon IV mRNA levels in the CA1 and CA3 regions of the hippocampus (Fig. 3c, d ) with concomitant down-regulation of BDNF protein levels in Fig. 3 Representative lowmagnification photomicrographs (scale bar 50 lm) and quantification of brain-derived neurotrophic factor (BDNF) exon I (a, b) and IV mRNA (c, d) by in situ RT-PCR and BDNF protein (e, f) by gold immunolabeling in the hippocampal structures [CA1, CA2, CA3 and dentate gyrus (DG)] of adolescent intermittent ethanol (AIE)-and normal saline (AIS)-exposed adult rats. Values are represented as the mean ± SEM optical density (O.D.)/100 pixels area for mRNA (BDNF exon I, n = 6 rats in each group; BDNF exon IV, n = 5 rats in each group) and the number of immunogold particles/100 lm 2 area for gold immunolabeling (n = 5 rats in each group). *Significantly different from AIS-exposed adult group (p \ 0.001, Student's t test) Brain Struct Funct (2016) 221:4691-4703 4697 the CA1 and CA3 regions (Fig. 3e, f) . These findings indicate that AIE causes long-lasting decreases in hippocampal BDNF likely due to reduced histone H3 acetylation at the BDNF IV exon promoter. We also examined the effect of TSA on histone H3 acetylation in the promoter regions of BDNF exons I and IV in the whole hippocampus of AIS-and AIE-exposed adult rats (Fig. 5) . TSA treatment increased H3-K9&14Ac levels at BDNF exon I (p \ 0.001) and exon IV (p \ 0.01) promoters in the hippocampus of AIE adult rats (AIE ? TSA group) as compared to vehicle-treated AIE adult rats (AIE ? Vehicle group). However, TSA treatment did not alter the histone acetylation status in these promoters in the hippocampus of AIS adult rats (Fig. 5) . These results suggest that AIE decreases histone H3-K9&14 acetylation of BDNF exon IV that is normalized by TSA treatment in adulthood.
Discussion
This study contributes to our understanding of the persistent effects of adolescent alcohol exposure on epigenetic mechanisms and neurogenesis as measured by DCX (immature neurons) and Ki-67 (proliferating NPC) immunostaining in the hippocampus in adulthood. We report here that AIE causes long-lasting decreases in BDNF exon IV-specific histone H3 acetylation and BDNF expression as well as decreases in neurogenesis markers in the hippocampus during adulthood. AIE increases nuclear HDAC activity and Fig. 4 Histone deacetylase (HDAC) activity in the cytosolic and nuclear fractions of the whole hippocampus obtained from adolescent intermittent ethanol (AIE)-and normal saline (AIS)-exposed adult rats (a). Values are represented as % of control (Mean ± SEM) of 6 rats per group. *Significantly different from AIS adult group (p \ 0.01, Student's t test). Representative low-magnification photomicrographs (scale bar 50 lm) of CREB binding protein (CBP) (b) and H3-K9 acetylated (d) gold immunolabeling as well as quantification of CBP (c) and acetylated histone H3-K9 (e) proteins in the hippocampal structures [CA1, CA2, CA3 and dentate gyrus (DG)] of AIS-and AIE-exposed adult rats. Values are represented as the mean of the number of immunogold particles/100 lm 2 area (±SEM) and derived from six rats per group. *Significantly different from AIS-exposed adult rats (p \ 0.001, Student's t test). CREB cyclic adenosine monophosphate response element binding protein decreases CBP that, in turn, decreases histone H3-K9Ac levels in the hippocampus during adulthood. The long-lasting AIE-induced changes in adulthood appear to be linked to histone H3 acetylation mechanisms, as inhibition of HDAC by TSA normalizes deficits in histone H3 acetylation at the BDNF exon IV promoter, and DCX and Ki-67 immunostaining in the hippocampus. As observed earlier (Pandey et al. 2015) , AIE-induced anxiety-like behaviors in adulthood were rescued by TSA treatment. Clinical studies have indicated that alcohol drinking during adolescence is a risk factor for the development of psychiatric disorders including alcohol abuse later in life (Grant and Dawson 1998; DeWit et al. 2000; Donovan 2004 ). Recent preclinical studies also found that binge-like alcohol exposure during adolescence causes anxiety and depression-like behaviors (Briones and Woods 2013; Pandey et al. 2015) , and increased alcohol intake in adulthood (Pascual et al. 2009; Alaux-Cantin et al. 2013; Pandey et al. 2015) . To our knowledge, the present study is the first to implicate histone H3 acetylation as a possible epigenetic mechanism by which binge-like ethanol exposure can decrease BDNF expression and neurogenesis in the hippocampus and possibly contributes to risks and/or symptoms of adult psychopathology.
Although the specific role of hippocampal neurogenesis in brain function is not clear, both human and animal studies suggest that formation of new neurons in the adult brain contribute to healthy brain function (Gu et al. 2013; Schoenfeld and Cameron 2015) . Previous studies have reported that adolescents are more sensitive to acute ethanol-induced inhibition of neurogenesis than adults (Crews et al. 2006) and that adult binge ethanol treatment reduces neurogenesis during intoxication with ethanol, which recovers during abstinence (Crews and Nixon 2009) . We report here that AIE decreases Ki-67 positive cells in the adult DG, which is consistent with decreased NPC proliferation, and reduces immature neurons as measured by DCX immunostaining. Multiple studies have found that AIE exposure reduces neurogenesis markers regardless of animal strain [e.g., Sprague-Dawley (present study) or Wistar rats (Ehlers et al. 2013; Vetreno and Crews 2015) ] and ethanol exposure paradigm [e.g., intragastric (Crews et al. 2006; Broadwater et al. 2014) , vapor (Ehlers et al. 2013) or voluntary self-administration (Briones and Woods 2013) ]. Furthermore, studies directly comparing identical intermittent adolescent and adult treatments find that ethanol inhibition of adolescent neurogenesis persists during abstinence into adulthood, while ethanol inhibition of neurogenesis following adult exposure recovers after an equal period of abstinence (Broadwater et al. 2014) . In our previous studies we consistently found decreases in Ki-67 and DCX immunostaining and increased markers of cell death (Broadwater et al. 2014; Crews et al. 2006; Ehlers et al. 2013; Vetreno and Crews 2015) which together support the interpretation that AIE reduces neurogenesis through reduced proliferation and increased death of NPCs during maturation. However, the molecular mechanisms by which AIE attenuate adult neurogenesis are currently less clear. One possible explanation for the long-lasting decrease in neurogenesis following AIE is the persistent reduction in BDNF levels in the hippocampus. BDNF contributes to synaptic plasticity as well as NPC survival and differentiation (Duman and Monteggia 2006; Alme et al. 2007 ). BDNF has been consistently shown to regulate adult hippocampal neurogenesis and to contribute to the efficacy of therapeutic drugs that increase neurogenesis and reverse psychopathology (Duman 2004; Duman and Monteggia 2006; Kozisek et al. 2008) . Here, we found that AIE reduced adult neurogenesis markers in the DG and BDNF expression in the hippocampus in CA1 and CA3, but not CA2 and DG. Studies have found that CA3 has reciprocal connections with the DG (Scharfman 2007 ) and lesions of CA3 lead to long-lasting decreases in neurogenesis due to disrupted maturation of NPC to mature granule cells (Liu et al. 2011) . Lesioning of CA3 also blocks the fluoxetine-induced increase in neurogenesis despite the fact that fluoxetine increases BDNF in the DG (Liu et al. 2011) . It has been shown that binge-like adolescent self-administered ethanol exposure reduced hippocampal neurogenesis and BDNF expression in late adolescence (7 days after ethanol exposure). Furthermore, treatment with a BDNF-like agonist acting at the TrkB receptor restored neurogenesis (Briones and Woods 2013) , suggesting the role of BDNF in hippocampal neurogenesis. Although the lack of change in histone H3-K9 acetylation, CBP, and BDNF expression in the DG by AIE in adulthood is one of the limitations of the study, nonetheless these findings suggest the possibility that a reduction in BDNF expression in CA3 due to decreases in global and BDNF gene-specific histone acetylation after AIE may be associated with the inhibition of adult hippocampal neurogenesis. As discussed above, many studies implicate BDNF in the regulation of neurogenesis and other studies have found that reduced neurogenesis may be related to increased neuroimmune gene expression in response to stress (Iwata et al. 2013) or alcohol exposure (Zou and Crews 2012; Vetreno and Crews 2015) . In particular, it has been shown that AIE exposure produced increases in neuroimmune gene expression, including toll-like receptor 4 (TLR4) that persisted into adulthood (Crews and Vetreno 2014; Vetreno and Crews 2015) . Previous studies have suggested a reciprocal relationship between cAMP response element binding (CREB) protein transcriptional activation of BDNF with NF-jB-induced activation of proinflammatory gene expression (Pandey et al. 2005) . Microglia cells are associated with NF-jB proinflammatory responses, but they also produce and respond to BDNF (Parkhurst et al. 2013 ). Interestingly, NF-jB transcription factor activation in glia is linked to proinflammatory gene induction, also shown to reduce neurogenesis (Crews and Vetreno 2014) . This is further supported by a recent report that treatment of adult rats (PND70) with lipopolysaccharide, a Gram-negative endotoxin agonist to TLR4, produces a reduction in DCX immunostaining in the hippocampus (Vetreno and Crews 2015) . Regardless, increased BDNF could overcome AIEinduced neuroimmune suppression of neurogenesis, and our findings reveal that epigenetic suppression of BDNF persists into adulthood following AIE and possibly contributes to reduced DCX immunostaining that is reversible by TSA treatment.
The regulation of BDNF expression via epigenetic mechanisms, such as histone acetylation and DNA methylation under different experimental paradigms including drug addiction, has been implicated in the regulation of synaptic plasticity (Tsankova et al. 2004 (Tsankova et al. , 2006 Kumar et al. 2005; Newton and Duman 2006; Lubin et al. 2008; Renthal and Nestler 2008; Roth et al. 2009; Fuchikami et al. 2010) . Previous studies have shown the differential regulation of BDNF exons by histone acetylation in the hippocampus (Lubin et al. 2008; Fuchikami et al. 2010) . We observed down-regulation of histone H3 acetylation at the BDNF exon IV promoter in the hippocampus of adult rats following AIE, with a concordant decrease in BDNF exon IV expression and BDNF protein levels. Similarly, a single bout of immobilization stress decreases histone H3 acetylation and mRNA expression of both exons I and IV in the rat hippocampus, suggesting that stress impacts BDNF expression via histone H3 acetylation (Fuchikami et al. 2010) . Reciprocally, increases in histone H3 acetylation at the BDNF exon IV promoter following fear memory consolidation were paralleled by an increase in BDNF exon IV expression (Lubin et al. 2008) . Furthermore, we observed that AIE-induced deficits in histone H3 acetylation at BDNF exon IV were rescued after TSA treatment. Therefore, increased HDAC activity in adulthood following AIE seems to be regulating BDNF exon IV promoter activity via histone H3 acetylation and thereby its expression in the hippocampus. In line with this, innately high HDAC activity and HDAC2 expression and deficits in histone H3 acetylation were observed at the BDNF exon IV and NPY promoter in the amygdala of alcohol preferring (P) rats, as compared to non-preferring (NP) rats leading to lowered expression, which was reversed after specific knockdown of the HDAC2 isoform in the CeA or TSA treatment (Moonat et al. 2013; Sakharkar et al. 2014a ). These findings implicate the role of HDAC-mediated histone H3 acetylation in the regulation of BDNF expression in relation to alcoholism and anxiety-like behaviors. As discussed earlier, BDNF is a likely regulator of adult neurogenesis in the hippocampus in response to AIE exposure. We have further observed that TSA is able to normalize AIE-induced deficits in adult hippocampal neurogenesis (proliferating and immature neurons). Several HDAC inhibitors, including TSA have been shown to promote neuronal differentiation from multipotent adult neural progenitor cells via increase in histone H3 acetylation (Hsieh et al. 2004) . It may be speculated that the normalization of deficits in histone H3 acetylation of the BDNF gene by TSA treatment may be involved in restoring AIE-induced inhibition of hippocampal neurogenesis. AIE also produced deficits in global and BDNF genespecific histone H3 acetylation in the amygdala and induced anxiety-like and alcohol drinking behaviors in adulthood (Pandey et al. 2015) . Interestingly, the deficits in histone H3 acetylation of BDNF exon I and IV in the amygdala and behavioral phenotypes of AIE were normalized by TSA treatment in adulthood (Pandey et al. 2015) . After combining these data with the present data on AIE-induced inhibition of neurogenesis and deficits in histone H3 acetylation and BDNF expression, it is evident that the HDAC-induced histone modifications produced by AIE in emotional and cognitive circuitry may be responsible for AIE-induced adult psychopathology. Furthermore, we found that CBP levels also decreased in the hippocampal structures, which correlated with reductions in histone H3-K9 acetylation, and BDNF expression after AIE in adulthood. CBP has been shown to regulate hippocampal neurogenesis and histone acetylation and modulate long-term memory (Barrett et al. 2011; Chatterjee et al. 2013) . It is possible that AIE-induced reductions in CBP and increases in HDAC activity may be responsible for reductions in histone H3 acetylation and BDNF expression thereby inhibiting neurogenesis in adulthood. The direct role of CBP and specific HDAC isoforms, along with histone H3 acetylation, in the regulation of AIE-induced changes in hippocampal neurogenesis and associated anxiety and alcohol intake (Pandey et al. 2015) needs to be investigated in future studies.
In conclusion, ethanol exposure in early life can change histone H3 acetylation at BDNF gene promoters to decrease its function in the hippocampus, likely affecting adult neurogenesis, which might be implicated in anxietylike behaviors during adulthood. Furthermore, HDAC inhibition is able to reverse the deficits in histone H3 acetylation-regulated molecular events and anxiety phenotypes. In addition, we reported earlier that TSA treatment in adulthood also attenuated AIE-induced alcohol intake and corrected the deficits in histone H3 acetylation of BDNF gene in the amygdala (Pandey et al. 2015) . Therefore, the present and our previous studies (Pandey et al. 2015) together pinpoint the role of histone H3 acetylation/deacetylation mechanisms in AIE-induced deficits in BDNF expression and neurogenesis as well as behavioral phenotypes of anxiety and alcohol intake in adulthood.
